Abstract
Introduction
Vascularization in regenerating tissues is essential to make fully functional tissues with proper oxygen and nutrient supply [1] . For adequate growth and survival, cells in regenerating tissues should be located within 200 lm around blood vessels [2] . Two strategies have been developed in tissue engineering for vascularization in damaged tissues. One is to facilitate angiogenesis by the controlled release of angiogenic factors, and the other is to fabricate hollow vascular structures by 3D micro fabrication technologies.
The controlled release of chemical cues such as growth factors and angiogenic peptides from the scaffolds to the surrounding tissues induces angiogenesis for regeneration [3] . Regarding studies that used a growth factor, Tabata et al. [4] incorporated vascular endothelial growth factor (VEGF) into the collagen hydrogel and controlled the release rate to induce angiogenesis around the implanted hydrogel. Mooney et al. [5] suggested that the dual delivery of VEGF and platelet-derived growth factor (PDGF) could form dense and stable vessels compared with the delivery of VEGF or PDGF alone. The combined delivery of fibroblast growth factor-2 and VEGF via star-shaped poly (ethylene glycol) heparin hydrogels appeared to have proangiogenic effects in vitro and in vivo [6] . In addition, when BMP-2 and VEGF were combined with hydrogel, it was confirmed that bone regeneration and angiogenesis were significantly increased in bone defect model as compared with hydrogel alone [7] . Several groups reported that incorporating three angiogenic growth factors into a hydrogel formed a mature vascular network in vitro and in vivo by controlling their sequential release [8] [9] [10] [11] . Meanwhile, angiogenic peptides, such as secretoneurin, Nacetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), and substance P (SP) are also used in immobilized hydrogels to induce angiogenesis. According to several studies, secretoneurin acted as an angiogenic cytokine and improved angiogenesis in vivo [12] . Ac-SDKP in myocardial infarction models has been reported as effective in angiogenesis by its controlled release in hyaluronic acid (HA)-based hydrogels [13] . For the acrylated HA hydrogel, SP was chosen and immobilized for biochemical cues. SP is composed of the tachykinin family of neuropeptides, which are small molecules secreted from the peripheral terminals of sensory nerve fibers. SP, which is also known as a neuropeptide, is involved in neurogenesis and angiogenesis. Kohara et al. [14] confirmed that SP incorporated into hydrogel induces angiogenesis by the enhanced recruitment of angiogenic cells. Kim et al. [15] suggested that SP could promote angiogenesis through its recruitment of autologous mesenchymal stem cells (MSCs). However, the facilitation of blood vessel network formation by using only angiogenic chemical cues is limited by the size and volume of the hydrogel.
Recently, various attempts have been made to fabricate microchannels in hydrogels that can be applied to largescale tissue regeneration. Manufactured microchannels play an important role in delivering oxygen and nutrients to the cells in the hydrogel to improve cell viability and function. To fabricate microchannels in a large-scale hydrogel, various techniques such as fiber bonding [16] , electrospinning [17] , PDMS molding [18] and 3D printing [19] [20] [21] have been introduced in hydrogels by using 3D fabrication technologies [22] . Recently, 3D printing techniques have been attracting attention because of the merits of solid freeform fabrication and guaranteed interconnectivity. Agarose fibers printed in a branching architecture were removed from a gelatin methacryloyl hydrogel to obtain branched fluidic networks [23] . The 3D-printed carbohydrate glass lattices are embedded in a cell-loaded extracellular matrix (ECM) and create microchannels that can be perfused by dissolution after perfusion [24] . Furthermore, a blood vessel network was created in the hydrogel by using sacrificial material [25] . However, in the case of environmentally sensitive materials, the manufacturing process of a 3D hydrogel scaffold via a 3D printing technique has a different gelation time owing to the pathway of the printing heads [19] . Therefore, the use of a hydrogel that is sensitive to the gelation rate is limited in 3D fabrication with interconnective pores, and this is one of main disadvantages of 3D printing techniques. To overcome this problem, a fabrication method called 'Wire network molding (WNM) was introduced in our previous study [26] . Given that the method is based on a molding technology that guarantees interconnectivity without having a different gelation time, it is an effective method for fabricating 3D scaffolds or microchannels by using a material that is sensitive to the gelation rate.
Consequently, in this study, we combined two strategies of a chemical signal and physical cue. For the chemical signal, the angiogenic peptide SP was immobilized on acrylated HA and allowed to be released continuously. For the physical cue, microchannels in the HA-based hydrogel were fabricated by the WNM technique. To assess the angiogenesis and vascularization of biomimetic hydrogels, the bulk hydrogel (no microchannels or SP), hydrogel with microchannels, and hydrogel with microchannels ? SP were compared via in vitro and in vivo evaluations.
Materials and methods

Materials
Molds were designed using CATIA V5, and metallic molds (STS 304) were manufactured by a wire-cutting process. A bottom mold was printed by Objet 30 prime (Stratasys, USA), and the used material (MED 610) is known to be a biocompatible material. Needles (STS 304) with a diameter of 500 lm were prepared. PDMS and its curing agent were obtained from Dow Corning (Sylgard 184; Midland, MI, USA). Sodium hyaluronate (MW: 200 kDa) was purchased from Lifecore Biomedical. 1-Ethyl-3-(3 dimethylaminopropyl) carbodiimide, adipic acid dihydrazide, and triethanolamine (TEA) were acquired from Sigma-Aldrich (St. Louis, USA). 1-Hydroxybenzotriazole hydrate was purchased from Fluka Chemical (Buchs, Switzerland). N-Acryloxysuccinimide was purchased from Polyscience (Warrington, PA). SP (RPKPQQFFGLMC) and the matrix metalloprotease (MMP)-sensitive peptide (GCRDGPQGIWGQDRCG) were synthesized by Anygen (GwangJu, Korea). Trizol, penicillin/streptomycin, Gibco Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and phosphate-buffered saline (PBS; pH 7.4) were purchased from Invitrogen-Life Technologies. FBS, penicillin/streptomycin, trypsin, low-glucose DMEM, and PBS (pH 7.4) were purchased from GIBCO BRL (Grand Island, NY). An endothelial growth medium (EGM-2) Bullet kit was purchased from Lonza. A LIVE/ DEAD Viability/Cytotoxicity Assay Kit was purchased from Molecular Probes (Eugene, OR, USA). The PrimeScript first-strand cDNA synthesis kit and PrimeScript RT reagent kit were purchased from Takara Bio Inc. Von Willebrand factor (vWF) (A0082), and a-smooth muscle actin (a-SMA) (M0851) were purchased from Abcam (Cambridge, MA, USA).
Preparation of a biomimetic HA hydrogel
The acrylation of HA followed that of a previous study [27] . Synthesized HA-ac (200 kDa, 3 wt. %) was dissolved in a 0.3 M TEA-buffered solution. For gel preparation, an MMP-sensitive peptide was added to an acrylated HA solution as a cross-linker with the same molar ratio of acryl and thiol groups. The HA hydrogel was formed via a Michael-type addition reaction (Fig. 1A) . SP was also immobilized on the acrylated HA with the molar ratio of 20% of the acryl groups of the HA (Fig. 1B ).
Fabrication of a scaffold using the WNM technique
To fabricate hydrogel for the in vitro assessment, a cylindrical hydrogel with microchannels was prepared by a simple PDMS mold with wires, as shown in Fig. 1C -F. First, to prepare the upper PDMS mold with holes and the bottom PDMS mold, the PDMS material was mixed with a cross-linker and was placed in Petri dishes. Plate PDMS molds were prepared by baking in a vacuum oven. Second, the prepared PDMS mold was punched with 5 mm diameter and 3 mm thickness holes to fabricate an upper mold with holes. The prepared upper and bottom molds were then assembled by staking, as depicted in Fig. 1C . Then, two stainless-steel wires with 500 lm diameter were placed perpendicular to each other on the surface of the bottom mold. To fabricate a cylindrical biomimetic hydrogel with microchannels, the HA hydrogel was placed in the prepared PDMS mold. The mold with HA hydrogel and assembled wires was cross-linked for 30 min at 37°C in an incubator (Fig. 1D) . The wires and PDMS mold were then removed (Fig. 1E) . Thereafter, for the in vitro experiment, the HA hydrogel with microchannels was manufactured, as depicted in Fig. 1F . For the in vivo experiment, the WNM method was applied to the fabricated hydrogel with microchannels, as depicted in Fig. S1 . First, four metallic mold parts (Fig. S1A) were assembled to create a 3D mold (Fig. S1B) . The assembled metallic mold and the bottom mold (MED 610) were then assembled (Fig S1C) . To minimize hydrogel leakage, the mold column was wrapped with Parafilm ( Fig. S1D) . Cylindrical wires were inserted through the wrapped Parafilm at mold slots that were positioned perpendicular to the wire network configuration (Fig. S1E) . The prepared HA hydrogel mixture was injected using a syringe into the wire-networked mold (Figs. 1G and S1F) and baked for 30 min at 37°C in an incubator (Figs. 1H and S1G). Wires and molds were then removed and a HA hydrogel with microchannels was fabricated (Figs. 1I and S1H). For the in vivo experiment, the HA hydrogel with microchannels was then divided into four equal parts (Fig. S1I) and implanted in the back of a mouse (Fig. S1J) . The bulked HA hydrogel with the same dimensions was fabricated with a simple PDMS mold as a control.
Swelling of hydrogel with microchannels
The swelling of hydrogel with microchannels was incubated in PBS overnight. The swelling rate was measured by comparing the difference in weight before and after incubation. The percentage of absorbed water (W a ) was calculated by the following formula: Swelling rate (%) = (W w -W i )/W i 9 100% (W w : wet weight of hydrogel; W i : initial weight of hydrogel).
Cell preparation and culture
Fibroblast cells (L929) were purchased from Thermo Fisher and maintained in DMEM supplements with 10% FBS and 1% penicillin/streptomycin. Human MSCs (hMSCs) were obtained from Lonza and maintained in MSCGM medium. All cells were cultured at 37°C in humidified 5% CO 2 incubator. The medium was refreshed every 2-3 days.
Evaluation of cell viability
L929 cells were trypsinized and washed in PBS. Biomimetic hydrogels (200 kDa HA-ac 3 wt. %) with or without microchannels and SP peptide were mixed with L929 suspensions (1 9 10 6 cells/100 ll). The biomimetic hydrogel mixture containing the cells was injected into the WNM mold. It was then gelled in an incubator for 30 min. The cells in the hydrogels were cultured in DMEM media with 10% FBS and 1% penicillin/streptomycin in a humidified incubator (5% CO 2 , 37°C) for 7 days. After 7 days, viability was measured by the LIVE/DEAD Viability/Cytotoxicity Assay Kit. Live and dead cells were examined under fluorescence microscopy. The viability of L929 in the biomimetic hydrogel with microchannels was determined by counting the live cells that appeared green from the total cell number.
Quantitative real-time polymerase chain reaction
The biomimetic hydrogel samples with hMSCs that were cultured for 14 days were soaked in 1 ml of a TRI reagent. Purified RNA was reverse-transcribed to cDNA with the RimeScript RT reagent kit. To determine vWF factor expression (forward: CCAGCTTCTGAAGAGCACCT; reverse: GTACAGCACCATTCCCTCCT), PECAM-1 (CD31, forward: GAG AGG ACA TTG TGC AA; reverse: TCT GTT GAA GGC TGT GCA GT), and a-SMA (forward: CCT ATC CCC GGG ACT; reverse: ACC CAG TGC TGT CCT CTT CT) genes as angiogenic differentiation markers, the final cDNAs were subjected to real-time polymerase chain reaction. As an internal control, the expression of the b-actin gene (forward: ATTGGCAAT-GAGCGGTTC; reverse: GGATGCAGGACTCCAT) was determined. Gene expression was calculated as the fold change by comparing the cycle threshold values for the bactin gene and mRNAs of interest.
Implantation of a biomimetic hydrogel with microchannels
The animal experiment procedures were approved by the institutional animal care and use committee of Korea University College of Medicine (Protocol Number: KUIA-CUC-2015-165). All institutional and national guidelines for the care and use of laboratory animals were followed. Five-week-old BALB/c-nu Slc mice were obtained from OrientBio (Sungnam, Kungkido, Korea). Subcutaneous pockets were made to the right and left of two incisions on their backs. The experimental biomimetic hydrogels (bulk, microchannels, and both microchannels and SP) were implanted into the dorsal skin of nude mice. Six animals were used for in vivo experiment. The implanted scaffolds were harvested a month after implantation. The implanted scaffolds were retrieved and fixed in 10% formalin.
Three-dimensional immunostaining of the biomimetic hydrogel with microchannels
The expression of a-SMA and vWF was evaluated to assess angiogenesis. The hydrogel fixed on formalin was frozen by liquid nitrogen. The frozen hydrogel was then sectioned to a thickness of 1.5-2 mm. The sectioned hydrogel with channels for 1 h at 37°C with the primary antibodies vWF (1:500) and a-SMA (1:500). Immunofluorescence detection was performed by Alexa Fluor 488 and 568 secondary antibodies.
Statistical analyses
All data are reported as mean ± standard deviation. Statistical analyses were performed using a single factor ANOVA with SPSS version 22.0 software (IBM Corp., Armonk, NY). Differences between experimental groups were analyzed by two-sample t tests, and p \ 0.05 was considered statistically significant.
Results
Fabrication and evaluation of microchannels in a biomimetic hydrogel
To make a biomimetic hydrogel, HA, which is one of the major components of ECM, was acrylated, and MMPsensitive peptides degradable by cell-secreted MMP were used as a cross-linker [28] . Angiogenic peptide SP was immobilized on the acrylated HA to induce angiogenic activity in the hydrogel. The WNM technique was used to fabricate microchannels in the biomimetic hydrogel. To maintain the microchannels in the biomimetic hydrogel even after swelling, an HA concentration optimization test was performed. The HA concentration was variously tested from 3 to 10 wt. %. The molecular weight, which affects the viscoelastic properties of the gel, was changed from 50 to 200 kDa (Fig S2) . After the test, we found that hydrogels with 3 wt. % and 200 kDa HA was ideal to maintain the microchannels even after the swelling of the gel ( Fig. 2A) . To assess angiogenesis and vascularization, in vitro and in vivo analyses were performed using the optimal hydrogel composition. For the in vitro assessment, biomimetic hydrogels with two channels layers were prepared using 500 lm wires. The fabricated hydrogel was 5 mm in diameter and 3 mm in height. The diameters of the formed microchannels in biomimetic hydrogel were approximately 500 and 600 lm before and after swelling, respectively (Fig. S3) . The swelling ratio was measured to evaluate the swelling property of the hydrogel with channels. As depicted in Fig. 2B , the swelling ratio values of the bulk, channel, and channel ? SP group were 51.0 ± 6.0%, 58.0 ± 3.7%, and 58.0 ± 1.8%, respectively. There was no substantial difference in the swelling ratio between the channel and channel ? SP groups. However, their ratios were a little higher than that of the bulk group. It can be assumed that the differences in swelling property between the experimental groups was due to the formed channels and not by the swelling properties of HA or a side effect of SP.
Cell viability in hydrogels is an important issue. In general, cell viability in the central medial region of the hydrogel is lower than that in the boundary region because of the low permeability of oxygen and nutrients. Our (2018) 15(4):403-413 407 previous study showed that the viability of hMSCs cultured in high-molecular-weight hydrogel (200 kDa) was lower than 80% [27] . We compared the viability of L929 cells encapsulated in each biomimetic hydrogel group. As shown in Fig. 3A , in the bulk group, dead cells (shown as red) were observed inside the gel rather than outside the gel. In the channel group, living cells (shown as green) were observed around the microchannels and fewer dead cells were observed compared with the bulk group even inside the gel. In the channel ? SP group, living and dead cells showed similar results to that of the channel group. As shown in Fig. 3B , the bulk group showed a cell viability lower than approximately 80%, which is similar to the results of the previous study. However, the channel group showed a cell viability of [ 90% at 7 days of culture. This result means that cell viability was enhanced in the channel groups because the media contains oxygen and nutrients that can be transferred through the channels and delivered to the cells by diffusion.
Differentiation of cells in the biomimetic hydrogel with microchannels
The differentiation and morphology of hMSCs in the biomimetic hydrogel with microchannels are shown in Fig. 4A . Cells were sparsely spread in the bulk group, whereas cells were spread along the microchannels and formed similar vascular structures in the channel group and channel ? SP group. In particular, in the channel ? SP group, the channel shape was changed because of dense cell migration and cell interaction. The analysis of angiogenic specific genes, such as vWF, CD31, and a-SMA, shows that the expression of vWF in the cells of the channel group, which is an endothelial cell (EC)-specific marker, was three times higher than that in the bulk group (Fig. 4B) . In particular, in the channel ? SP group, vWF expression was 14 times higher than that in the bulk group. CD31 was also highest in the channel ? SP group compared with the other two experimental groups. By contrast, the expression of a-SMA, which is a smooth muscle cell marker of vessel maturation, was highest in the bulk group compared with the other two groups. These results show that the combination of SP (a chemical cue to promote angiogenesis) and the microchannel structure (a physical cue to enhance oxygen and nutrients delivery) facilitates hMSCs differentiation into ECs.
Evaluation of vascularization in hydrogel with microchannels in vivo
To evaluate the vascularization in vivo, the biomimetic hydrogel with four micro-channels for in vivo test was fabricated by WNM technique using 500 lm wires. The fabricated hydrogel has 10 mm 9 10 mm 9 5 mm dimensions as shown in Fig. 5 . Hydrogels of each groups were implanted in the back of a mouse for one month. As the result, in the bulk group, tissues and blood vessels were not observed throughout hydrogels without microchannels. However, tissues and blood vessels were observed throughout the implanted hydrogels in the channel group and channel ? SP group (Fig. S4) . Particularly, solid and long blood vessels were observed in the channel ? SP group. Microscopic observations showed that there was no blood vessel in growth in the hydrogel of the bulk group (Fig. 6A) . Meanwhile, in groups with channels, lines with a tubular structure were confirmed to have generated along the channels. Images were stitched together to observe whole images (Fig. 6B) , which confirmed that the ingrowth lines were connected from the beginning to the end of the microchannels. However, there was no significant difference in line coverage in the hydrogels between the channel group and the channel ? SP group. To confirm whether these line were cells, cellular actin proteins were stained, as depicted in Fig. 6C . When the channel group was stained by CD31 and a-SMA, the outside region of the tubular structure was dominantly stained by a-SMA (Fig. 7) . Furthermore, in the central medial region, EC was stained with CD31. Consequentially, it was confirmed that these were new blood vessels that were generated in the biomimetic hydrogel. Furthermore, it is quite clear that the fabricated microchannels serve as a guidance cue to facilitate vessel formation in the hydrogel. 
Discussion
Although angiogenesis is an important issue in tissue regeneration, challenges remain, such as hypo-and hypervascularization and vascular patterning during the regeneration of damaged tissues. Channel fabrication for guiding angiogenesis using 3D fabrication technology is in line with classical pore-forming technologies, but it is attracting attention as a novel technology that attempts to overcome the limitations of existing methods of unity, regularity, and interconnection of pores. Attempts to regenerate damaged tissue by increasing angiogenesis via immobilized or encapsulated growth factors have evolved in a variety of ways from drug delivery for controlled release. In this study, we used the WNM technique to construct microchannels in biomimetic hydrogel immobilized with angiogenic peptides and analyzed cell viability, angiogenesis, and vascularization in vitro and in vivo.
We found that cell viability in large-scale biomimetic hydrogels was increased in the experimental group that had microchannels in the hydrogel compared with those without channels. It is known that oxygen and nutrients are transferred to cells in the hydrogel through the fabricated channels [29] [30] [31] . In our results, groups with microchannels showed a higher cell survival rate than the bulk group (without microchannels). Our results also suggest that hydrogel immobilized with SP showed a substantial increase in the survival rate of cells because SP is known to be involved in increasing cell viability and proliferation [32] .
The fabrication of channels and the immobilization of SP in the gel also showed differential cell migration in 3D. When hMSCs were cultured in a hydrogel with microchannels, hMSCs migrated along the preformed channels, whereas hMSCs showed partial spreading in the bulk group. In particular, our results show that hMSCs in the channel ? SP group migrated toward the central region and along the channels. It can be postulated that when cell activity around microchannels is improved, more hydrogel is degraded by the secreting MMPs and more SP is released, thus facilitating angiogenesis and migration [33, 34] .
For vascularization in the hydrogel, many researchers fabricated the channels and seeded ECs to facilitate the formation of a monolayer inside the channels [35, 36] . Miller et al. [24] showed that HUVEC in the prevascularized matrix affects the metabolic activity of hepatocytes, and Tseng et al. [25] showed the formation of AVANTI by the interaction with NCs. However, there was little evidence that biomolecules in the prevascularized channels had an effect on cell differentiation. Our results show that hydrogels immobilized with SP with microchannels facilitated the differentiation of stem cells into an endothelial cell lineage because the angiogenic factors of EGM-2 media [37] and oxygen are transmitted through the microchannels, and the activation and differentiation of cells are increased, thereby promoting hydrogel degradation by cells and increasing the release of SP [14] .
In large tissue defects, rapid ingrowth and penetration of the host vessels is important for regeneration. Rnjak-kovacina et al. [38] fabricated hollow channels in a porous silk hydrogel and confirmed tissue penetration into the hydrogel. We fabricated a network of interconnected pore structures, which is a more complex structure, and applied it in vivo. We showed that all the vessels penetrated along the channels in the matrix. However, in our experiment, unlike the in vitro results, no difference was observed in the vessel formation between the channel ? SP group and the channel group. Zhang [39] cultured HUVEC in a hollow channel structure, prevascularized it, and implanted it into the back of mice. As a result, many blood vessel infiltrations were observed in the HUVEC ? channel structure, in which HUVECs that secreted nutrients and oxygen through channels secreted more VEGF, and large and stable blood vessels infiltrated the channel. In our in vitro system, the hydrogel is degraded, and the immobilized SP is released by the action of MMPs secreted from the encapsulated cells [28, 40] , thus inducing the effects of SP. However, given that there were no cells in the hydrogel in the in vivo experiment, the initial attenuation of the degradation and release of SP affected the degradation and formation of angiogenesis in the gel. The encapsulation of cells secreting MMPs could trigger the effects of SPs in the channel ? SP group, as we demonstrated in our in vitro experiments.
We have shown that oxygen and nutrients are delivered through channels, thus resulting in increased cell viability and differentiation. It was also confirmed that blood vessels enter the hydrogel through the channels. This is an important strategy to overcome the limitations of hydrogels, which are difficult to use for large-scale tissue regeneration owing to limited vascularization. Although cells cultured in vitro differentiated into an endothelial cell lineage, the effects of SP immobilized in the hydrogel is still controversial. Nevertheless, the fabrication of microchannels in hydrogel by the WNM technique is a great approach to pattern the vascular structure for the regeneration of large tissue defects.
